The genome of Bacillus cereus contains 26 Nudix hydrolase genes, second only to its closest relative, Bacillus anthracis which has 30. All 26 genes have been cloned, 25 have been expressed, and 21 produced soluble proteins suitable for analysis. Substrates for 16 of the enzymes were identified; these included ADP-ribose, diadenosine polyphosphates, sugar nucleotides, and deoxynucleoside triphosphates. One of the enzymes was a CDP-choline pyrophosphatase, the first Nudix hydrolase active on this substrate. Furthermore, as a result of this and previous work we have identified a new subfamily of the Nudix hydrolase superfamily recognizable by a specific amino acid motif outside of the Nudix box.
The genome of Bacillus cereus contains 26 Nudix hydrolase genes, second only to its closest relative, Bacillus anthracis which has 30. All 26 genes have been cloned, 25 have been expressed, and 21 produced soluble proteins suitable for analysis. Substrates for 16 of the enzymes were identified; these included ADP-ribose, diadenosine polyphosphates, sugar nucleotides, and deoxynucleoside triphosphates. One of the enzymes was a CDP-choline pyrophosphatase, the first Nudix hydrolase active on this substrate. Furthermore, as a result of this and previous work we have identified a new subfamily of the Nudix hydrolase superfamily recognizable by a specific amino acid motif outside of the Nudix box.
We have been studying a superfamily of enzymes catalyzing the hydrolysis of nucleoside diphosphates linked to some other moiety, x. These "Nudix" hydrolases (1) are widely distributed in nature with representatives in eukaryotes, prokaryotes, archaea, viruses, and at least one mycoplasm. The identifying feature of the superfamily is a pattern of nine highly conserved amino acids called the Nudix box, embedded in a sequence of 23 amino acids, GX 5 EX 7 REUXEEXGU SCHEME 1 in which U is a hydrophobic amino acid, usually Ile, Leu, or Val, and X may be any amino acid. To date, more than 1800 open reading frames from over 360 species have been uncovered by BLAST searches (2) of the sequenced genomes, data banks, and expressed sequence tags. On the basis of their specificities, the individual members of the superfamily may be assigned to subfamilies active on various nucleoside triphosphates, nucleotide sugars, coenzymes such as NADH, FAD, or CoA, cell signaling molecules, e.g. dinucleoside polyphosphates, and toxic metabolites such as ADP-ribose and mutagenic and toxic nucleotides. The number of Nudix hydrolase genes varies widely among species, and there is presently neither a predictor nor algorithm foretelling how many of these genes might be expected in a given organism. In Table I , the number of Nudix genes, ascertained by examining open reading frames, is compared by genome size. Deinococcus radiodurans, the most radiation-resistant organism known, attracted our attention, because at that time it had the largest number of Nudix hydrolase genes of any organism, almost twice that of Escherichia coli, although D. radiodurans has a smaller genome. We cloned all 21 genes of D. radiodurans and expressed and partially characterized several interesting new enzymes of the Nudix hydrolase superfamily (3) . Since then, the genome of Bacillus anthracis has been sequenced (4), and it encodes 30 Nudix hydrolase genes, the largest number found in any organism to date. Characterization of these gene products would almost certainly uncover new members of the superfamily, and perhaps contribute to our understanding of the physiology of this interesting pathogenic microbe. However, our research with this organism is proscribed for several reasons. Fortunately, the genome of Bacillus cereus, a very closely related organism (4, 5) , has just been sequenced (6) , and a BLAST search revealed that its genome contains 26 orthologues of the 30 Nudix hydrolase genes present in B. anthracis.
This paper describes the cloning of all 26 and the expression of 25 of the Nudix hydrolase genes of B. cereus as well as a preliminary characterization of their gene products. Sixteen of these genes have been identified with enzymatic activities, including one not described previously. Furthermore, a new subfamily of Nudix hydrolases active on UDP-sugars has been recognized as a result of this work.
EXPERIMENTAL PROCEDURES

Materials
The expression plasmids pET-24a(ϩ) and pET-24d(ϩ) (K m r ) and E. coli HMS174(DE3) were from Novagen (Madison WI), and the plasmid pGroESL, containing the E. coli groEL and groES genes, a T 7 lac promoter and a chloramphenicol resistance gene, was a gift from George H. Lorimer (DuPont). The genomic DNA of B. cereus strain 14579 was from the American Type Culture Collection (ATCC), Manassas, VA, and restriction enzymes, kits for the polymerase chain reaction, calf intestinal alkaline phosphatase, and yeast inorganic pyrophosphatase were from Stratagene (La Jolla, CA). Substrates and common biochemicals were from Sigma or Invitrogen. The reagent for protein assays was from Bio-Rad.
Methods
Cloning of the Nudix Genes of B. cereus into pET Expression Vectors-The genes were amplified from genomic DNA using DNA polymerase chain reaction. An NdeI or NcoI and a BamHI or HindIII site was incorporated at the start and the end of each gene according to the gene expression requirement and the restriction map of each gene, respectively. The amplified genes were purified, digested with corresponding enzymes, and ligated into pET-24 vectors placing the Nudix genes under the transcriptional control of the T 7 lac promoter. The resultant plasmids were transformed into HMS174(DE3), the transformants were screened for the gene of interest, and the inserts were sequenced at the automatic sequencing facility of The Johns Hopkins School of Medicine. The transformed strains containing each of the cloned genes were stored at Ϫ80°C in 30% glycerol until further use.
Expression of the Nudix Proteins-10 l of a saturated culture of each of the transformed Nudix hydrolase expression strains was inoculated into 20 ml of LB medium containing suitable antibiotics and incubated * This work was supported by National Institutes of Heath Grant GM18649. This is publication 1527 from the McCollum-Pratt Institute. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
at 37°C on a rotary shaker to an A 600 of 0.3. The cultures were transferred to 22°C and grown to an A 600 of 0.8 after which isopropyl-␤-Dthiogalactopyranoside stock solution was added to a final concentration of 0.5 mM, and the cells were cultured for an additional 12 h. The cells were harvested by centrifugation, washed by suspension in isotonic saline, recentrifuged, suspended in 1.0 ml of TED (50 mM Tris⅐Cl, pH 7.5, 1 mM EDTA, 0.1 mM dithiothreitol), and disrupted by sonication. The sonicate was centrifuged, the supernatant adjusted to ϳ0.4 mg of protein/ml with TED containing 10% glycerol, and the extracts were stored at Ϫ80°C until assayed.
Enzyme Assays-The standard reaction mixture contained in 50 l: 50 mM Tris⅐Cl, pH 8.5, 5 mM Mg 2ϩ or Mn 2ϩ , 2 mM substrate, 0.5 unit of yeast inorganic pyrophosphatase for phosphatase-sensitive substrates such as deoxynucleoside triphosphates or 3 units of alkaline phosphatase for phosphatase resistant substrates, and 2 l (about 0.8 g) of each extract. The mixture was incubated at 37°C for 15 min and then stopped by the addition of EDTA or Norit, and the liberated inorganic orthophosphate was assayed by the colorimetric procedure of Fiske and Subbarow (7) as modified by Ames and Dubin (8) . One unit of enzyme hydrolyzes 1 mol of substrate/min. Fig. 1 shows an alignment of the 26 Nudix hydrolases of B. cereus in the region of their Nudix boxes. All of the inserted genes expressed proteins well, except for entry 10, NP_832475. Of the 25 expressed proteins, 21 were soluble as determined by their appearance in the supernatant of a low speed centrifugation. We transformed the four constructs producing insoluble proteins into a host over-expressing the chaperones GroES and GroEL, because we have had previous success in solubilizing intractable proteins by this procedure (9 -11). Fig. 2 represents SDS-PAGE of the soluble proteins in crude extracts of the expressed genes. New bands not present in the control extract are evident in all lanes except lane 10, and the molecular mass of all of the proteins ranged between 15 and 25 kDa, typical of members of the Nudix superfamily and agreeing well with their calculated values. The strong bands seen in lanes 14, 17, 19 , and 26 are GroEL (58 kDa), and the new bands at about 24 kDa in these lanes represent chloramphenicol acetyltransferase, the selection agent for the plasmid, pGroESL. No new proteins correlating with the size of the respective inserts were observed, and therefore expressing in the presence of excess chaperones was not effective in these cases. Thus, only 21 of the 26 genes expressed proteins suitable for further analysis.
RESULTS AND DISCUSSION
Cloning and Expression of the Genes-
Identification of Enzymatic Activities-A major goal of our work with the Nudix hydrolase superfamily is to discover new members with different enzymatic activities. Because all Nudix hydrolases identified thus far catalyze the hydrolysis of a diverse series of nucleoside diphosphate derivatives, our modus operandi is to assay each new candidate on an extensive collection of these compounds. In this way, we have identified more than 30 substrates. When this tactic was applied to the expressed proteins of B. cereus, 16 of them were found to hydrolyze nucleoside diphosphate derivatives; Table II shows the favored substrates of those enzymes. Fifteen had activities on compounds we had seen with other members of the superfamily. However, number 6 (NP_831800) was unique, being highly active on cytidine diphosphate choline, a metabolite not recognized by any of the Nudix hydrolases described thus far. As an intermediate in phospholipid synthesis and catabolism, this compound is characteristic of that category of Nudix hydrolase substrates involved in intermediary metabolism. The kinetics, substrate specificity, metal requirements, etc., as well as the physical properties of this enzyme will be described after it is purified to homogeneity. 1 An unusual structural feature of the protein, as seen in Fig. 1 , is the substitution of tyrosine for glutamic acid at position 9 and lysine for arginine at position 15.
2 Although rare, we have occasionally seen other examples of R15 N K, but this is the first example of an active Nudix hydrolase with a substitution at Glu-7 N . The "Nudix fold," characterized by a loop-helix-loop motif, seen in all Nudix hydrolase structures determined so far is stabilized by a salt bridge between Glu-7 N and Arg-15 N (12). This interaction is not possible in the Y7 N K variant, but it may be partially compen-1 W.-L. Xu, C. R. Jones, and M. J. Bessman, unpublished work. 2 Because there is considerable variation in the position of the Nudix box in respect to the N terminus of individual members of the Nudix hydrolase superfamily, it has become awkward to use the standard numbering system to specify amino acids within the conserved Nudix sequence when discussing different proteins. We suggest numbering the signature sequence separately and consecutively from 1 to 23 as follows: GXXXXXEXXXXXXXREUXEEXGU. Amino acids in the Nudix box could then be designated as Gly-1 N , X-5 N, Glu-7 N , Arg-15 N , etc. , and an amino acid substitution by alanine, for example, would be designated as G1 N A, X5 N A, E7 N A, etc., according to standard conventions. sated for by the weaker hydrogen bond permissible between these amino acids.
It should be emphasized that the numerical values for the specific activities recorded in Table II are qualitative and are useful only for the identification of substrates. They should not be compared with each other, because the assays were performed on crude extracts having different levels of expression, and the actual catalytic constants, k cat , for each of the substrates will have to be measured with the purified proteins under optimal assay conditions for each enzyme.
Comparison with B. anthracis-As noted in the Introduction, one of the objectives of this research was to shed light on the large number of Nudix hydrolase genes in the closely related organism, B. anthracis. Fig. 3 lists the 26 open reading frames of B. cereus alongside the orthologous, or cognate, members of B. anthracis. These pairings represent the best sequence alignments as determined by a CLUSTAL analysis (13) of the individual open reading frames for each organism. The amino acid content of each entry is listed in parentheses. Many were identical in size, and most were within 90% of each other in amino acid sequence. It is highly likely that the enzyme activities we found for the B. cereus enzymes will be matched when/if the orthologous proteins in B. anthracis are examined.
It is worth noting that NP_832447 (Fig. 3, entry 9 ) was annotated by the sequencing group (6) as an open reading frame containing 185 amino acids. Using primers designed from their nucleotide sequence, we obtained a product of our polymerase chain reaction with the expected size, but the expressed protein was considerably shorter than the 185 amino acids reported. On further examination, we found one nucleotide difference in our sequence resulting in a frameshift that generated a stop codon 147 amino acids from the N terminus. We confirmed this result using an entirely new construct. Another sequenced strain of B. cereus (ATCC 10907) indicates that the homologous open reading frame contains 147 amino acids and the orthologous protein from B. anthracis, NP_656560, is 85% identical in amino acid sequence and is also 147 amino acids long. Thus it seems highly likely that the sequence reported for our strain (ATCC 14579) contains an insertion of one nucleotide resulting in the loss of the stop codon.
Recognition of a New Subfamily of Nudix Hydrolases-Besides discovering new substrates for members of the superfamily, another goal is predicting the function of unidentified Nudix proteins from their amino acid sequences. All of the proteins have the same highly conserved signature sequence, the Nudix box (Scheme 1), representing the catalytic and nucleotide-binding site of the enzyme (12, 14, 15) . Therefore, the different specificities toward the respective substrates must lie in a region or regions distal to this area. By aligning the sequences of different enzymes with similar specificities, we have identified specific landmarks outside the Nudix box, enabling us to classify some of the members of the superfamily into discrete subfamilies (16, 17) . This contribution to "func- tional genomics" has been especially valuable to us and others, because we have been able to predict the enzymatic activity of unknown, newly discovered open reading frames of Nudix genes involved in physiological processes by recognizing specific telltale amino acid patterns peculiar to each subfamily.
In this study, we found that five of the expressed proteins were UDP-sugar hydrolases. In previous work with D. radiodurans (3), we discovered three other Nudix hydrolases with this specificity. When the amino acid sequences of these eight enzymes were aligned, a distinct pattern emerged with a highly conserved NGD sequence downstream of the Nudix box and a conserved glycine at position 6 N .
2 Fig. 4 shows an alignment of these eight proteins with 30 more candidates uncovered in a BLAST search. The checked (͌) entries are those proteins assayed by us. The first seven have been positively identified as active on UDP-sugars with the respective sugar indicated in the last column. Entry 8 has not yet been identified with any activity and is either an exception or requires one of the several UDP-sugars not yet available to us. Other open reading frames listed are almost certainly members of the family. Entries 16, 17, 19 , and 23 are B. anthracis orthologues with about 90% amino acid identity to their B. cereus counterparts positively identified as UDP-sugar hydrolases. From our previous experience in identifying other subfamilies of the Nudix hydrolases, it is likely that most, if not all, of the entries will prove to be active on UDP-sugars.
An important issue that bears further investigation is the relationship of B. cereus NP_833078 to B. anthracis NP_6527256 (Fig. 3, entry 16 ). These proteins differ by 40 amino acids, yet the first 92 amino acids of each are 93% identical and 97% similar. Two other sequenced strains of B. anthracis (A2012 and Ames) are in agreement with the homologous open reading frame containing 108 amino acids, and so the difference in size is not due to a sequencing error. We have shown that the B. cereus protein is a UDP-galactose hydrolase. The B. anthracis homologue lacks the C-terminal 40 amino acids containing the NGD region signifying the UDP-sugar family. It would be of especial interest to assess the importance of the NGD triad by examining the activity of the expressed protein from B. anthracis.
Finally, it should be noted that NP_656123, one of the four open reading frames in B. anthracis that is not represented in B. cereus (Fig. 3) is a member of the UDP-sugar family (Fig. 4,  number 18 ). Thus, 27 of the 30 Nudix hydrolase genes can be accounted for in these closely related species.
